Abstract -Nosema ceranae is one of the causative agents of Nosemosis, a severe disease that affects the honeybee Apis mellifera. The aim of the present work was to compare N. ceranae and RNA virus infections in Africanized bees (hybrid of Apis mellifera scutellata and A. m. mellifera) and European (Italian) bees (A. m. ligustica) under field conditions. Africanized and Italian healthy colonies were relocated to an Eucalyptus grandis plantation, a place where colonies inevitably acquire Nosemosis. Fifteen and 30 days after that, all colonies presented N. ceranae spores although Africanized bees were less infected than Italian bees. Sacbrood virus (SBV) and Black queen cell virus (BQCV) were detected in both races of bees, although Africanized bees presented a lower level of BQCV infection than Italian bees. At the end of the flowering period, Africanized colonies had a larger honeybee population and produced more honey than Italian colonies. These results suggest that Africanized bees may be able to limit N. ceranae and BQCV infections within the colony, and that this may allow them to be more productive.
INTRODUCTION
Nosemosis is a disease of honeybees (Apis mellifera) caused by microsporidia Nosema apis and N. ceranae. These organisms reproduce in epithelial cells of the ventricle of bees affecting digestive functions and leading to malnutrition, physiological aging, and reduction of the hypopharyngeal glands, causing premature death (Bailey and Ball 1991; Fries 1997; 2010) . While N. apis was described at the beginning of the last century, it is estimated that N. ceranae, whose original host was the Asian honeybee Apis cerana (Fries et al. 1996) , "jumped" to A. mellifera at least 20 years ago. Currently, it is distributed worldwide (Higes et al. 2006; Klee et al. 2007; Invernizzi et al. 2009; Fries 2010; Aurori et al. 2011) .
Besides the direct damage caused by microsporidia, their presence can be accompanied by other pathogens, such as RNA viruses (Antúnez et al. 2006; vanEngelsdorp et al. 2009; Genersch and Aubert 2010; Rodríguez et al. 2012; Ryba et al. 2012) . It has previously been reported that both microsporidia are associated with presence of Black queen cell virus (BQCV) (Bailey et al. 1983; Dainat et al. 2012) .
In Uruguay, Invernizzi et al. (2009) reported the presence of N. ceranae and the absence of N. apis in bee samples collected from all over the country, and confirmed that N. ceranae was present in bees collected before 1990. Over the last 5 years, several samples of bees from all over the country and collected in different seasons have been analyzed, detecting only N. ceranae. Only one sample was co-infected by N. apis and N. ceranae (K. Antúnez, unpublished data).
Similar results have been reported in Buenos Aires, Argentina (Medici et al. 2011) , and Virgina, United States (Traver and Fell 2011) . However, this displacement does not always occur, since vanEngelsdorp et al. (2009), Gisder et al. (2010) , and Botías et al. (2012; 2013) have reported the presence of both species, suggesting a co-habitation in the case of the United States, Germany, and Spain, respectively. Different honeybee viruses have also been detected in Uruguay, including Chronic bee paralysis virus (CBPV), Acute bee paralysis virus (ABPV), BQCV, Sacbrood virus (SBV), and Deformed wing virus (DWV) (Antúnez et al. 2005; . The detection of viruses in different provinces, the simultaneous co-infection of colonies by several viruses, and the fact that most analyzed colonies were infected with one or more viruses indicates that they are widespread in the region (Antúnez et al. 2005; .
To date, the only effective treatment against N. ceranae is fumagillin; however, this compound is no longer licensed in many countries, including Uruguay Williams et al. 2008; MGAP 2010) . Selection of honeybee colonies or races resistant to N. ceranae could be an alternative to reduce losses associated with this pathogen.
Several studies have been developed in order to evaluate whether there are colonies with differential responses to Nosemosis, but results have been poor and limited. L'Arrivee (1965) infected queens from different geographical origins with N. apis spores. No difference in the lifespan of queens from different geographic origins was found, although some queens appeared to tolerate the effects of Nosemosis longer than others. On the other hand, Rinderer and Sylvester (1978) and Rinderer et al. (1983) reported that the response to N. apis was related to the longevity of worker bees and suggested that resistance could be improved by selecting bees with a greater longevity. Later, Malone et al. (1995) compared the response to Nosemosis in bees from different European races, also according to the worker bee's lifespan. No differences were found between A. m. ligustica, A. m. mellifera, and A. m. carnica. However, the number of spores in dead bees was higher in A. m. ligustica, than in A. m. mellifera and lower in A. m. carnica. A limitation of that study was that each subspecies was represented by only one colony. In other similar studies, measuring infestation of foraging bees (Malone et al. 1992) or lifespan of worker bees (Malone and Stefanovic 1999) , no differences were found between A. m. ligustica and A. m. mellifera.
Although N. apis is also able to infect A. m. scutellata (African bees), and its development in those bees is similar to that seen in European races (Fries et al. 2003) , there are no comparative studies that include those bees.
In Uruguay, most bees are Africanized bees resulting from crosses of A. m. mellifera (European bees) with A. m. scutellata (African bees) (Burgett et al. 1995; Diniz et al. 2003; Collet et al. 2006) . In previous studies, it was found that there were almost 100 % of Africanized bees in north provinces (bordering with Brazil) and a decreasing gradient in the number of Africanized bees, and in the proportion of African genes, from north to south (Diniz et al. 2003) . In a recent study, we found that most bees from around the country presented Africanized origin (81 %) (B. Branchiccela, unpublished data). However, it is probable that the gradient still remains when analyzing the proportion of African genes, according to phenotypic characteristics and aggressiveness level of bees. On the other side, in recent years, beekeepers have been introducing queens of A. m. ligustica (Italian bees), mainly in departments of the west coast, in order to obtain more tame and manageable bees.
Many Uruguayan beekeepers relocate their colonies to commercial plantations of Eucalyptus grandis after the summer honey harvest to take advantage of its autumnal flowering period and to extend the period of honey production. However, those colonies inevitably acquire Nosemosis, presenting high mortality rates if they are not moved out at the end of the flowering period (Invernizzi et al. 2011a; Mendoza et al. 2012) . For that reason, plantations of E. grandis provide an opportunity to assess the natural incidence of Nosemosis in the colonies.
Considering that honeybee races present different characteristics, including resistance to pathogens, the aim of the present work was to compare the degree of infection of N. ceranae and RNA virus in Africanized bees (hybrid of A. m. scutellata and A. m. mellifera) and Italian bees (A. m. ligustica) under field conditions.
MATERIALS AND METHODS

Selection of colonies and establishment of the experimental apiary
In December 2010, a group of Africanized and Italian bee colonies were relocated to the experimental apiary at the Instituto de Investigación Agropecuaria "La Estanzuela" located in Colonia (Southwest province). Africanized bee colonies were obtained from Cerro Largo (Northeast province) while Italian bees were obtained from a beekeeper who had imported queens from Argentina. All colonies were treated with flumetrin in January 2011, to eliminate the presence of Varroa destructor. Twenty-four healthy Africanized and 26 Italian colonies were relocated to an E. grandis plantation located in Rivera (North province) on March 1 (end of summer).
Determination of the race of bees
Eleven Africanized and nine Italian colonies were randomly selected, maintained in ethanol, and their racial origin determined by genetic analysis. Mitochondrial DNA from one bee per colony was assessed, which allowed the differentiation of haplotypes A (African origin), M (West European origin), C (North Mediterranean origin), and Y and O (Near and Middle Eastern origin) (Franck et al. 2001) .
The mitochondrial DNA extraction of one bee per colony was carried out as described by C. Aguirre, INIA La Platina, Chile (personal communication) using a modification of the protocol described by Walsh et al. (1991) . One posterior leg per bee was incubated at 37°C for 30 min to eliminate the ethanol. After that, Chelex (Sigma) 5 % and proteinase K (Promega, 20 mg/ml) were added and the leg incubated for 1 h at 55º , 15 min at 99º , 1 min at 37º C ,and 15 min at 99º . The 2 μL of DNA thus extracted were used for the amplification of the intergenic region COI-COII using the primers E2: 5′ GGCAGAATAAGTGCAT TG3 ′ and H2: 5′ CAATATCATTGATGACC3′ (Garnery et al. 1998 ). The 20 μL of reaction mixture contained 1× buffer, 1 mM MgCl 2 , 0.15 μM of each primer, 0.5 mM of each dNTP, and 0.5 U/μL of Taq polymerase (Invitrogen). The PCR cycling program consisted of 5 min at 94°C, 35 cycles of 45 s at 92 ºC, 45 s at 48ºC, 2 min at 62ºC, and a final extension of 20 min at 65ºC. The size of the amplified product was determined by electrophoresis on a 1 % agarose gel. The amplified products were digested with FastDigest DraI (Fermentas), according to manufacturer's recommendations, and analyzed under electrophoresis in a 12 % polyacrilamide gel under native conditions for 20-22 h at 300 V, and staining with GelRed (Biotium, USA).
This technique, based on the mithocondrial DNA analysis, allows the determination of the African or European origin of a colony. However, it is possible that honeybees which showed European origin by this analysis had inherited African genes in their nuclear genome. For that reason, those samples were analyzed by a morphometric approach, measuring the wing and femur length of ten bees from each colony. These measures were averaged and the probability of Africanization was calculated (Rinderer et al. 1987 ).
Colony strength estimation
The day before the relocation of the colonies to the E. grandis plantation (February 28) and after the end of the flowering period (June 15), the adult honeybee population and the brood area in each colony were estimated. Hives were carefully opened with very little smoke, spaces between frames were inspected in detail, and frames completely covered by adult bees were recorded. Once the adult population was registered, combs were removed from the hive and the brood area was estimated as quarters of frame faces covered by brood (with ¼ frame face = 210 cm 2 ). The area occupied by honey, pollen or empty was not included in the estimation. All determinations were visually performed by the same operator. The honey produced was harvested and weighed at the end of the flowering period (May 4).
Quantification of Nosema spp. spores
In order to detect and quantify the number of Nosema spp. spores, all colonies were sampled before relocation to the E. grandis plantation (February 28) and 15 and 30 days after that (March 15 and 30). In all cases, 30 foraging bees were sampled and individually analyzed following the criteria set by Pickard and ElShemy (1989) . For this purpose, the abdomen of each bee was macerated in 1 ml of water and an aliquot of the suspension placed under a microscope at ×400 magnification. The number of spores in 10 fields was then counted, as described by Invernizzi et al. (2011b) . The proportion of infected bees and the mean number of spores/field per bee were calculated. The determination of the Nosema species present in each sample was carried out by multiplex PCR, using specific primers for the detection of N. apis and N. ceranae, as described by Martín-Hernández et al. (2007) .
Detection and quantification of honeybee viruses
For the analysis of presence and quantification of honeybee viruses, 11 Africanized colonies and 9 Italian colonies (the same colonies that were analyzed for their racial origin) were sampled at the end of the flowering period (June 15). Worker bees were collected from each colony, transported alive to the laboratory, and immediately stored at −80°C until analysis, in order to avoid RNA degradation.
Ten honeybees were randomly selected from each sample and processed as previously described (Antúnez et al. 2005 (Antúnez et al. , 2006 ). An amount of 140 μL of the obtained supernatant was used to perform the RNA extraction using a QIAamp Viral RNA Mini Kit (Qiagen) according to the manufacturer's recommendations, obtaining 80 μL of total RNA. Then 5 μL of the RNA obtained was subjected to reverse transcription using a QuantiTect reverse transcription Kit (Qiagen), according to manufacturer's recommendations, using a mix of oligo-dT and random primers. This kit also includes an incubation step with gDNA Wipeout Buffer to remove contaminating genomic DNA prior to retrotranscription. cDNA was stored at −20°C.
Real-time PCR reactions were carried out using a QuantiTec SYBR PCR Kit (Qiagen) in a final volume of 50 μL containing 25 μL of mix, 0.3 μL of a stock solution of 50 μM of each primer, 19.4 μL of water, and 5 μL of cDNA. The cDNA sample from each colony was tested for the presence of different viruses, using primers previously published for ABPV (Johnson et al. 2009 ), BQCV (Kukielka et al. 2008) , SBV (Kukielka et al. 2008) , DWV (Johnson et al. 2009 ); Israeli Acute Paralysis Virus (IAPV) (Palacios et al. 2008) , and Kashmir Bee Virus (KBV) (Stoltz et al. 1995) . Amplification of β-actin cDNA was used for normalization of results, using primers previously described (Yang and Cox-Foster 2005) . Negative controls were included, excluding nucleic acids from the reactions, as well as positive controls for each virus (cDNA from previously analyzed samples available at IIBCE, Uruguay). PCR reactions were carried out using a Rotor Gene 6000 (Corbett Research) and the cycling program consisted of an initial activation step at 50ºC for 2 min and 95ºC for 15 min, then 40 cycles of 94ºC for 15 s50ºC for 30 s and 72ºC for 30 s.
Specificity of the reaction was checked by analysis of the melting curve of the final amplified product (from 65 to 95°C). Relative viral load per sample was estimated by the Pfaffl (2001) method.
Statistical analysis
Data on honeybee population size, brood area, honey production, proportion of N. ceranae infected bees, and level of viral infection of Africanized and Italian colonies did not fit the parameters for the use of parametric statistics and were compared using Mann-Whitney rank sum test for unpaired data. For comparison of the mean number of N. ceranae spores per field per bee between both groups of colonies, Student's t test was used since data fit the parameters for the use of parametric statistics. P values below Pathogens in European and Africanized honeybees 0.05 were considered significant. Statistical analysis was carried out using R software (R Development Core Team 2012).
RESULTS
Determination of the race of bees
The mitochondrial DNA analysis confirmed the identification of two different groups of colonies: the 11 Africanized colonies presented haplotype A, confirming their African origin, while the 9 Italian colonies presented haplotype C. In these cases, morphometric analysis confirmed their European origin with a 100 % probability.
Colony strength estimation
On February 28, before the relocation of the colonies, no significant differences were found in the honeybee population and brood area between colonies of the two races of bees. The honeybee population averaged 6.2±1.7 covered frames in the case of the Africanized colonies, and 6.3±1.4 covered frames in the case of the Italian colonies (U=295; P=0.75); while the brood area was 26.6 ±9.5 quarters of frame faces for the Africanized colonies and 22.4±6.0 quarters of frame faces for the Italian colonies (U=335; P=0.11).
At the end of the flowering period, the honeybee population was significantly larger in the Africanized colonies than in the Italian colonies (U=391; P=0.001). Brood area was also larger in the Africanized than in the Italian colonies (U=326; P=0.08, marginally significant), and finally the Africanized colonies produced significantly more honey than the Italian colonies (U=427.5; P<0.001) (Figure 1a-c) . Italian colonies (27 %) had infected bees. However, no significant differences were found in the proportion of infected bees in samples from the Africanized and Italian colonies (U= 285; P=0.50) or in the mean number of spores per field per bee (U=299; P=0.75). Results are shown in Figures 2 and 3 , respectively.
Fifteen days after the relocation of the apiary, Nosema spp. spores were detected in 100 % of the samples from the Africanized and Italian colonies. The infestation level was lower in the samples from the Africanized colonies than from the Italian colonies, with both a smaller proportion of infected bees per sample (U=193; P=0.03) and a lower mean number of spores per field per bee (t= 5.28; P<0.001) in each Africanized bee analyzed.
These differences were also apparent 30 days after the installation of the apiary. The infestation level was significantly lower in Africanized colonies than in Italian colonies (U=45; P< 0.001 and t=6.60; P<0.001, respectively).
According to molecular analysis, only N. ceranae was detected in the infected samples, while N. apis was not detected (data not shown).
Detection and quantification of honeybee viruses
At the end of the E. grandis flowering period, all the analyzed Africanized and Italian colonies (100 %) presented BQCV, while 54 % of Africanized and 67 % of Italian colonies that were analyzed for virus infections presented SBV.
When viral levels were analyzed, a significantly lower level of BQCV was detected in the Africanized colonies than in the Italian colonies (U=22; P=0.038), although no differences were found when SBV was analyzed (Figure 4) . ABPV, DWV, IAPV, and KBV were not detected in the analyzed colonies.
DISCUSSION
Honeybees of different races show distinctive characteristics, among which is differential Pathogens in European and Africanized honeybees resistance to pathogens and parasites because they have been subjected to different disease pressures in their areas of origin (Ruttner 1988; Dietz 1992) . Previous studies that compared the response to Nosema spp. among European bees of different races failed to find clear differences (Malone et al. 1992 (Malone et al. , 1995 Malone and Stefanovic 1999) .
In the present work, we present data that support the suggestion that bees from different races present different degrees of infection by N. ceranae, and suggest that Africanized bees have the ability to limit the level of infection in a colony. There are important differences between both races of bees that could explain the differential response to N. ceranae. Katz (1981, 1982) found that Africanized worker bees start foraging earlier than Italian bees and have a shorter life-span than Italian bees. So, when capturing forager bees, Africanized bees will be younger and for that reason will be infected with a smaller number of spores. At a colonial level, this would result in a higher number of N. ceranae spores circulating in the Italian colonies than in Africanized colonies.
With respect to the presence of different RNA viruses, DWV and ABPV were not detected, although they are widely distributed in Uruguay (Antúnez et al. 2005; . It is possible that the application of acaricides to eliminate V. destructor explains the absence of these viruses, since both are strongly associated with the mite (Bowen-Walker et al. 1999; Martin 2001; de Miranda et al. 2010) . Recent studies in Uruguay showed a decrease in winter prevalence (June-August) of DWV and ABPV in colonies treated for V. destructor in autumn (March) (M. Anido, unpublished data).
IAPV and KBV were also not found, which is consistent with the study by Antúnez et al. (2006) BQCV and SBV were detected in Africanized and in Italian bees, although a higher level of BQCV infection was detected in Italian bees. The presence of both viruses has already been reported in Uruguay (Antúnez et al. 2006) . Recent studies have shown that BQCV is present in 89 % of the colonies and its prevalence is stable throughout the year (M. Anido, unpublished data).
Previous studies have reported the association between the microsporidia N. apis and N. ceranae with BQCV (Bailey et al. 1983; Dainat et al. 2012) , suggesting that these pathogens can act synergistically (Bacandritsos et al. 2010) . Even more, it has been reported that N. ceranae is able to cause depression of the immune system (Antúnez et al. 2009 ), which could favor the infection by viruses.
Italian bees presented higher levels of N. ceranae and BQCV infection compared to Africanized bees, while Africanized colonies presented larger populations and produced more honey than Italian colonies. These results suggest that Africanized bees may be able to limit N. ceranae and BQCV infections within the colony, and that this may allow the bees to be more productive. However, we cannot rule out that Africanized bees perform better than Italian bees in the particular environment of the E. grandis plantations in Uruguay. Africanized bees present greater resistance to brood diseases than Italian bees, especially to V. destructor (Martin and Medina 2004; Calderon et al. 2010; Vandame and Palacio 2010) . Pathogens in European and Africanized honeybees
